Effect of nano Co reinforcements on the structure of the Sn-3.0Ag-0.5Cu solder in liquid and after reflow solid states 
Introduction
A multitude of investigations has been performed to study different physico-chemical properties of lead-free Sn-Ag-Cu (SAC) solder alloys and to analyze their structure in the solid and liquid state [1] [2] [3] [4] [5] [6] [7] . However, due to their higher melting temperatures compared to Pb-Sn solders and the formation of brittle intermetallic compound layers, a number of recent studies addressed the possibility to improve the characteristics of SAC solders by adding of fourth element in the bulk or nano-sized form, such as Co, Ni, Fe or Al [8] [9] [10] [11] [12] . For instance, it was shown by Anderson et al. [8] that the shear strength of joints made from Sn-3.0Ag-0.5Cu solder was the lowest. To improve mechanical properties, bulk Co and Fe were added in Refs. [8, 9] . Additionally, a previous study of the effect of Co additions in a solute-enriched Sn-3.6Ag-1.0Cu-0.45Co alloy indicated that this transition metal acts as a solidification catalyst reducing undercooling and increasing the nucleation site density for Cu 6 Sn 5 [13] . In Ref. [10] , the growth of the brittle Cu-Sn IMCs was suppressed by minor additions of Al up to 1 wt.%.
In this case, the reduction in the growth rate of brittle Cu-Sn IMCs was attributed to the initial formation and evolution of Al-Cu phase layers. Additions of Ni into the lead-free SAC solder promoted the formation of new (Cu,Ni) 6 Sn 5 particles refining the microstructure of solder joints and caused a reduction of undercooling and a decrease of the solidus temperature [11, 12] .
Many other studies reported the refinement of solder microstructure and the improvement of mechanical properties resulting from the addition of nanoparticles into SAC solders [14] [15] [16] [17] [18] [19] [20] [21] [22] . Moreover, metallic nano-size particles, such as Al, Fe, Zn, Ni, and Co, can react with the elements Sn, Ag, Cu in the molten solder during reflow, and the particles can be dissolved in the solder matrix or can participate in forming the interfacial IMC layer [23] . In general, either metal nanoparticles were added directly into the SAC solder paste, or a flux was added to a pre-mixed (SAC + nanoparticles) powder in preparing a solder paste [15] [16] [17] [18] . Therefore, these studies are mainly focused on thermal, mechanical properties and the microstructure of solder joints.
To the best of our knowledge, few papers are related to the introduction of oxide or ceramics nano-particles into the metal matrix, namely by mechanically mixing of nanoadditions with SAC powder using either ball milling technique [14] or cold-compacting afterwards [19] . Other methods relate to introducing of nanoparticles into the SAC alloy melt combined with mechanical stirring [20, 21] or via the accumulative roll-bonding (ARB) process [22] . However, the studies mentioned above relate to introducing of non-reacting nano-inclusions into the SAC solders, such as single-walled carbon nanotubes, Al 2 O 3 , SiC or CeO 2 , which do not react with the metal matrix.
A key point in the present work is to examine the impact of nano Co inclusions on the melting temperature and structural features of the liquid Sn-3.0Ag-0.5Cu solder. Furthermore, a structure analysis of as-solidified (Sn-3.0Ag-0.5Cu)-Co alloys indicates changes in the microstructure of the Sn-3.0Ag-0.5Cu solder in the solid state caused by minor Co impurities.
Materials and methods
The composite (SAC305) 100-x (nanoCo) x alloys were prepared by mixing Sn-3.0Ag-0.5Cu High-temperature XRD measurements were carried out by means of a high-temperature X-ray diffractometer with a special attachment, which allows investigation of the solid and liquid samples at different temperatures. CuKα radiation monochromatized with a LiF single crystal and Bragg-Brentano focusing geometry in the 2θ range from 10 0 up to 120 0 were used. Intensity curves were corrected for polarization and incoherent scattering [24] . After this procedure they were normalized to electron units by the Krogh-Moe method [25] .The structure factors (SF), the atomic pair distribution functions, and functions of the radial distribution of atoms were calculated from the corrected and normalized intensity curves. The scattering intensities were measured with an accuracy of better than 2%, and the temperature was determined and maintained with an accuracy of ±2 K.
Powder XRD measurements were done on a Bruker D8 diffractometer at ambient temperature using Ni filtered CuK  radiation ( 
Results and discussion
The results of DTA combined with XRD and SEM analysis of samples after reflow were used to identify the structure transitions of SAC305 solder reinforced by nano-sized Co. Several composite (SAC305) 100-x (nanoCo) x alloys were studied by DTA to determine phase transitions and reaction temperatures (see Table 1 ). As mentioned in the experimental section, for each sample two heating and cooling cycles were performed at a heating rate of 5 K min −1 . We expected that during first heating in the temperature region above the melting temperature of SAC305 the nano-sized Co particles would dissolve in the liquid SAC 305 alloy. Therefore, the first cooling run and the second heating/cooling cycle of DTA should relate to the quaternary Ag-Co-Cu-Sn system. In this case, the reaction temperatures from first heating correspond to the composite (SAC305) 100-x (nanoCo) x alloys and, beginning with the first cooling, they should correspond to quaternary (SAC305) 100-x (Co) x alloys. The liquidus effects for nanocomposite alloys were evaluated on first heating while, for quaternary alloys, they were evaluated on second heating; all other effects were taken from the cooling curves only. The respective reaction temperatures, evaluated from the present results, are listed in Table 1 .
According to the phase diagram of the Co-Sn system [26] , the Sn-based subsystem shows a Sn-CoSn 3 eutectic with the eutectic point at about 1 wt. % Co and a eutectic temperature of about 502 K, which is roughly 3 K below the melting point of pure Sn (T l = 505 K).
Therefore, it is expected that minor Co additions to the Sn-based near-eutectic SAC 305 alloy should lead to insignificant changes in its melting temperature. Particularly, the DTA analysis of Sn-3.6Ag-1.0Cu and Sn-3.6Ag-1.0Cu-0.45Co alloys performed by Anderson et al. [27] indicated that the onset of the endothermic melting event for each alloy occurs at about 500 K and is essentially unaffected by the Co addition. More detailed calorimetric studies of the Sn-3.6Ag-1.0Cu-0.45Co alloy suggested that this minor Co addition does not increase the liquidus temperature by more than about 3 K [28] .
As can be seen from Table 1 , in contrast to the practically unaffected melting temperature of composite (SAC305) 100-x (nanoCo) x alloys, the melting temperature of quaternary (SAC305) 100-x (Co) x alloys changes slightly by about 1 K for a Co addition of 0.8 wt.%.
Furthermore, the solidification temperature of Co reinforced SAC 305 alloys is higher compared to the master alloy indicating a decrease of the difference between melting and solidification temperatures, i.e. a clear reduction of undercooling (Fig. 1) . These results suggest a catalytic action of Co for the nucleation of solidification in this alloy system, in agreement with Ref. [13] . It should be noted that undercooling effects in Ref. [13] reached more than 100 K caused by a cooling rate of about 40 Kmin -1 . It should also be noted, that the solidification of quaternary (SAC305) 100-x (Co) x alloys appears within a singular peak, 6 which shows a comparatively small shoulder on the right hand side compared to pure SAC305 alloy (Fig. 1) . High-temperature X-ray diffraction of composite (SAC305) 100-x (nanoCo) x alloys was performed at 523 K. This temperature was chosen to discover structure features of the SAC305 solder with minor nano Co additions at a temperature about 30 K above the melting temperature. In fact, nano-sized Co particles should be dissolved in the liquid Sn-based matrix below 523 K. Therefore, the samples are in the homogeneous liquid state at this temperature, and thus the prefix "nano" is deleted for Co in these samples. Fig. 2 shows the structure factors (SFs) for the investigated liquid alloys compared to pure Sn. The right hand side of the principal peak for pure Sn reveals a shoulder interpreted as an evidence of residual covalent bonds in the liquid state. Table 2 ) we suggest that 0.2 wt. % Co promotes the topologic disordering in the atomic arrangement of SAC305 alloy.
Moreover, this tendency is much more pronounced for further additions of Co. In addition, the (SAC305) 99.5 (Co) 0.5 alloy shows a shoulder on the left hand side of the principal peak. As is can be seen from Fig. 2 , the principal peak "absorbs" the right hand shoulder for the alloy with 0.8 wt. %. At the same time the height S(k 1 ) decreases and the width increases, which corresponds to further disordering of the atomic rearrangement in the liquid SAC305 alloy.
Furthermore, a decrease in the r 2 /r 1 relationship for the (SAC305) 99.2 (Co) 0.8 alloy reveals significant structural transformations within the first and second coordination spheres compared to other alloys. In addition, the half-height width of the principal peak was analyzed which gives information required for the estimation of the size of the structural units:
where L is the size of the structural units; k is the half-height width of the principal peak. It should be noted that, based on our technique with CuK  radiation, we could not obtain efficient intensity from the comparatively small amount of Co due to the absorption effect.
This allowed us to consider the diffraction pattern as one in which Co atoms are invisible although they affect the structure. In other words, we have diffraction patterns in which there are pores instead of Co atoms which results in an additional increase of the most probable interatomic distance. Therefore, the decrease of the principal peak height could be partly connected with the presence of the Co atoms on the surface layer of the melt. But, an increase of the first most probable interatomic distance by an increase of the Co amount in the liquid (SAC305) 100-x (Co) x alloys also confirm our suggestion about changes of atomic distribution.
Such disordering in the frame of the first coordination sphere might be connected with the penetration of Co atoms into Sn clusters or the substitution of other atoms within them, similar to additions of minor amounts of Cu to liquid Sn [29] . The microstructure of the solidified samples after structure measurements in the liquid state was studied using ESEM microscope and X-ray diffraction. The results of phase analyses along with BSE images of the investigated alloys can be found in XRD investigations showed the presence of four phases in the investigated samples (Fig. 3) confirming the data in IMCs, generally located in the middle of the Sn region. However, no other study could confirm these results. Actually, according to the Co-Sn phase diagram the formation of the CoSn 3 phase is expected [26] .
Conclusions
The current work presents a study on SAC305 solder with minor nano-sized Co additions. 
